To assess the genetic diversity and genetic structure of East Asian wild radish (Raphanus sativus var. hortensis f. raphanistroides), 13 natural populations from Japan and Korea were analyzed for amplified fragment length polymorphism (AFLP). On the average, 77.4 % of the AFLP markers generated by eight primer pairs were polymorphic. Both Japanese and Korean populations of wild radish showed a high within population variation (66.3 % polymorphic markers, Shannon's information index H O = 3.486, and genetic diversity H EP = 0.128). The majority of the genetic variation of wild radish (96.7 %) was observed within populations. Although no appreciable local differentiation of AFLP markers was detected, AFLP markers were more effective than allozymes in classifying natural populations of East Asian wild radish. AFLP variation showed a very close genetic relationship between R. raphanistrum and R. sativus, particularly Kazakhstan R. sativus, confirming the assumption that R. raphanistrum might be involved in the origin of R. sativus.
Introduction
Genetic diversity and population structure in plants have been extensively studied with the use of allozyme makers (Hamrick and Godt 1989, Clegg 1997) . Electrophoretic analysis of allozymes is cost-effective and can be applied without extensive technical development. Furthermore, allozymes exhibit a co-dominant Mendelian inheritance. Because of these properties, electrophoretic analysis of allozymes is in many cases still a good choice. Nevertheless, for several reasons, other types of markers should be applied. For instance, attempts to measure gene flow on a small spatial scale by allozyme alleles are frequently hampered by the limited variability of the allozymes (Barrett et al. 1993) . The development of molecular markers has provided powerful tools that may enable to overcome such limitations.
Amplified fragment length polymorphism (AFLP) is one of the polymerase chain reaction (PCR)-based genetic markers for rapid screening of genetic diversity. AFLP markers have been found to be effective in the analyses of genetic variation below the species level, particularly in investigations of population structure and the differentiation of subpopulations (Maughan et al. 1996 , Paul et al. 1997 .
East Asian wild radish, Raphanus sativus L. var. hortensis Backer f. raphanistroides Makino (= R. raphanistroides (Makino) Sinsk.) is a self-incompatible outcrossing species (Hinata and Nishio 1980) and it grows primarily on dunes or sandy beaches near the sea in East Asia (Kitamura 1958 , Aoba 1967 , 1989 , Lee et al. 1992 , Huh 1995 . However, natural populations of this wild radish are also found in the mountainous regions of the Tohoku district, on the beach of Lake Biwa and on the hills around Mt. Aso, in Japan (Aoba 1967 , Ohnishi 1999 . Populations are usually large, consisting of more than 1000 individuals in Japan (Ohnishi 1999, Huh and Ohnishi 2001) , but relatively smaller in Korea (Huh 1995) . Huh and Ohnishi (2001) surveyed the allozyme diversity of natural populations of this species from Japan and Korea, and revealed that natural populations maintained a higher allozyme variation than the other insect-pollinated outcrossing annual species. Furthermore, in a neighborjoining (NJ) tree based on allozyme variability, althoug the geographical position of the populations almost completely corresponded to the position of the Korean populations in the tree, several Japanese populations showed discrepancies (Huh and Ohnishi 2001) . Therefore, genetic relationships among the Japanese populations should be analyzed using more powerful genetic markers.
The origin of cultivated radish (R. sativus, including European radish, var. sativus and Chinese radish, var. hortensis) is still unclear at present (Panetsos and Baker 1967 , Banga 1976 , Lewis-Jones et al. 1982 . Natural populations of East Asian wild radish have played important roles in the establishment of Japanese landraces of Chinese radish (Kumazawa 1961 , Aoba 1993 . Recent studies on the cytoplasmic DNA of male-sterile radish strains strongly support this assumption (Yamagishi and Terachi 1996, Nakagawa et al. 1998) . Hence, it is very important to study natural populations of East Asian wild radish from the viewpoint of crop evolution.
In this study, eight and five natural populations of East Asian wild radish from Japan and Korea, respectively, were analyzed for AFLP markers to assess the amount and struc-ture of genetic diversity within natural populations and evaluate in more detail the genetic relationships among the local populations than could be achieved using allozymes (Huh and Ohnishi 2001) .
In addition, a natural population of R. raphanistrum L. from Orel, Russia and a natural and a cultivated population of Chinese radish, R. sativus var. hortensis from Alma-Ata, Kazakhstan were used as reference samples, and the results were compared to those of East Asian wild radish. Raphanus raphanistrum is widely distributed in Europe as well as in North America, but is notably absent from East Asia except for recent colonization (Kitamura 1958 , Banga 1976 , Tsunoda 1980 ). This species was considered to be very close to R. sativus by Lewis-Jones et al. (1982) , but not by Yamagishi et al. (1998) .
Five individuals for each population were analyzed for AFLP markers to determine the variation within populations as well as between populations.
Materials and Methods

Plant materials
Eight and five natural populations of East Asian wild radish from Japan and Korea, respectively, were used for this study (Table 1, Fig. 1 ). They covered almost all the geographical range of East Asian wild radish in Japan and Korea, except for the northern and southern extremities of the distribution area. The randomly selected seed sample of each natural population consisted of more than 500 siliques from randomly chosen about 100-500 individuals in the entire fields of growth, with 1-5 siliques from each individual. The samples were originally collected in 1995-1998 and stored in a 4°C storeroom. Most of the populations studied grew on sea sides, sandy dunes, beaches and mountain slopes. Each population usually covered 5 a to several ha, consisting of a 10-100 m-wide belt zone of dune, beach or slope. However, the HJ8 population was growing in abandoned fields in a mountainous area of Nishiaizu town, Fukushima prefecture, Japan. A sample of a large (more than 1000 individuals) natural population of wild species R. raphanistrum collected in wheat and maize fields at Orel in Russia was also used in this study. Seed samples of a cultivated and a natural population of Chinese radish (R. sativus var. hortensis) were collected at Alma-Ata in Kazakhstan by the same collection procedure as that for the East Asian wild radish and they were also utilized in this experiment. The Alma-Ata natural population was growing on a meadow far away (more than 10 km) from cultivated radish fields and was large, consisting of more than 1000 individuals. The cultivated population was also large, consisting of about 1000 individuals. The morphological traits of the natural Alma-Ata population were similar to those of the natural populations of East Asian wild radish, and were distinct from those of the cultivated variety by the presence of slender fragile siliques and developed branching lateral roots.
In July 2000, 80 randomly selected seeds from each population were sown into outdoor plots. When the seedlings were three weeks old, five plants from each population were randomly sampled and their leaves were used for molecular analyses. Five individuals for each population may not be sufficient for the analysis of variation within population (cf. allozyme analyses by Huh and Ohnishi 2001) . However, this number was our best choice, when the number of populations studied, the available labor and laboratory facilities were taken into consideration. DNA extraction and AFLP analysis DNA was extracted using the Plant DNA Zol Reagent (Life Technologies Inc., Grand Island, NY, USA) according to the manufacturer's protocol. AFLP analysis was carried out by the method of Vos et al. (1995) with some minor modifications. We digested only 125 ng instead of 500 ng genomic DNA and omitted the selection of biotinylated fragments after ligation.
The genomic DNA (125 ng) was digested with EcoRI and MseI (AFLP Core Reagent Kit; GibcoBRL Inc., Grand Island, NY, USA) in a final volume of 12.5 µl. After inactivation at 70°C for 15 min, ligation on the adapters was performed, i.e. the adapter ligation solution of 12 µl and 0.5 µl of T 4 ligase (AFLP core Kit) was added to the digested DNA. The resulting reaction mixture was incubated at 20°C for 2 h. This was followed by a preamplification step using primers that were complementary to the adapters with one additional selective 3' nucleotide. This step was performed in a total volume of 25.5 µl containing 2.5 µl of ligation mixture (diluted 10 times in TE). PCR was performed using the following temperature conditions: 20 cycles of denaturation at 94°C for 30 s, followed by annealing at 56°C for 60 s, ending with extension at 72°C for 60 s.
Selective amplification was performed in a 20 µl final volume containing 5 µl of preamplification products (diluted 50 × in TE) with primers having three additional nucleotides (i.e. 3 b EcoRI primers and 3 b MseI primers). Amplification was performed using the following temperature conditions: one cycle of denaturation at 94°C for 60 s, followed by annealing at 65°C for 60 s, ending with extension Table 1 for the code number of the populations.
at 72°C for 90 s, followed by 10 cycles under the conditions listed above, except for a 1°C lower annealing temperature for each cycle, and finally 23 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 60 s. Amplification was performed with eight primer combinations (see Table 2 for the primer combinations). The gel electrophoresis was performed according to the protocol of AFLP TM Analysis System I (Promega Co., Madison, WI, USA). The staining protocol included incubation with a silver nitrate solution, and development with a sodium carbonate solution, and then fixation with acetic acid, according to the protocol of Silver Sequence DNA Sequencing TM System (Promega Co.).
Statistical analyses
All the monomorphic and polymorphic AFLP bands visible to the eye were scored and only unambiguously scored bands were used in the analyses. Each AFLP band was given a score of 1 for presence or 0 for absence. The degree of polymorphism was quantified using Shannon's index of phenotypic diversity (Bowman et al. 1971, King and Schaal 1989): where p i is the frequency of a particular band i. H O can be calculated and compared for different populations (Paul et al. 1997) . Let be the average diversity over the n different populations, and let be the diversity calculated from the average phenotypic frequencies p in all the populations considered together (Paul et al. 1997) . Then the proportion of diversity present within populations, H POP /H SP , can be compared with that of between populations, (H SP − H POP )/H SP .
For dominant AFLP markers where only two states (present and absent) could be distinguished at each band position, we assumed that each band position corresponded to a locus with two alleles, indicating the presence and absence of the band, respectively (Powel et al. 1996) . Diversity value (H EP ) for genetic markers may be calculated from the sum of the squares of phenotypic frequencies by the formula: where p i is the frequency for the i-th band (Russell et al. 1997) . The sum of the effective number of alleles (SENA) was calculated by determining the effective number of alleles for each locus (Powel et al. 1996) , namely:
. The estimation of genetic similarity (GS) between individuals was based on the probability that an amplified fragment from one individual would also be present in another (Nei and Li 1979) . GS = 2 × Number of shared fragments between individuals A and B / (Number of fragments in A + Number of fragments in B). GS was converted to the genetic distance by 1-GS (Le Thierry d 'Ennequin et al. 2000) . Based on this genetic distance, a phenetic tree that represented genetic relationships among individuals of populations was constructed by the neighbor-joining (NJ) method (Saitou and Nei 1987) using the NEIGHBOR program in PHYLIP version 3.57 (Felsenstein 1993) .
Genetic distance between populations that is shown in Table 6 was not the average of 5 × 5 pairwise distances between individuals. First, the frequency of each band was calculated for each population, which was already given for the estimation of Shannon's index of diversity. Then, based on the frequencies of the bands, the genetic similarity and genetic distance between each pair of populations were calculated according to the method of Nei (1972) . Since the number of individuals for each population was very small, five, and AFLP markers were not codominant, the estimated frequencies of the bands were not highly reliable, nor were Nei's genetic similarity and genetic distance. However, if we used the average of 5 × 5 pairwise distances between individuals as the distance between populations, similar problems may arise.
Results
AFLP fingerprinting of radish with eight primer combinations revealed a total number of 315 unambiguous amplified DNA fragments (Table 2) . On the average, 40 bands were scored per primer combination. The EcoRI-AAG + MseI-CAT and EcoRI-ACA + MseI-CAG combinations showed the highest polymorphisms (80 %). Although primers can be different in their capacity to detect polymorphisms, those used in this experiment were not significantly different. Since the banding patterns were distinct and reproducible in the size interval of 100-900 bp, the bands from that interval were included in further analyses. Only one unique and two unique bands were detected in the East Asian wild radish and R. raphanistrum species, respectively. The cultivated Alma-Ata population of Chinese radish (R. sativus var. hortensis) exhibited the lowest percentage of polymorphic bands (46.3 %), whereas the wild radish populations from East Asia showed the highest (66.3 %) ( Table 2) .
The phenotypic frequency of each band was calculated and used in estimating Shannon's index of diversity (H O ) within populations (Table 3) . Although H O of R. raphanistrum was higher than that of wild radish from East Asia, the values of the index were not significantly different (paired t test). Although the Korean populations were relatively small (usually consisting of 100-1000 individuals; see Table 1 , Lee et al. 1992 , Huh 1995 , and patchily distributed, they maintained a level of genetic diversity (the mean H O was 3.39) almost as high as that of the Japanese populations (H O = 3.50). The same trend was observed in the genetic diversity value H EP (Table 4) . H EP was the highest for R. raphanistrum, and was lower for the Korean populations (the mean H EP was 0.090) than for the Japanese populations (0.161). The natural and cultivated populations from Kazakhstan showed rather high H EP values (Table 4) . The sum of
the effective number of alleles (SENA) was also greater for the R. raphanistrum population than for the other populations (Table 4 ). Shannon's index of phenotypic diversity was used to partition the diversity into within and among population components for East Asian wild radish (Table 5 ). Most of the genetic variation (96.7 %) was found to reside within populations.
A similarity matrix, based on the frequencies of bands in the populations, was used to determine the relationships between the 16 populations studied (Table 6 ). The estimation of genetic similarity ranged from 0.940 between HK1 and SAT to 1.000 between NAT and SAT. It should be noted that the genetic similarity value 1.000 was probably obtained by chance, since we calculated the similarity value between a pair of populations based on the frequencies of bands of the populations, rather than the average of GS values of paired individuals.
The genetic relationships among individuals and among the populations were revealed in the NJ tree, where two major groups were recognized (Fig. 2) , one consisting of East Asian wild radish populations and the other consisting of a population of R. raphanistrum and Kazakhstan populations of R. sativus var. hortensis. Furthermore R. raphanistrum was clearly separated from the Kazakhstan populations of R. sativus var. hortensis, and the East Asian wild radish populations were subdivided into Japanese and Korean subgroups. It should be noted that five individuals of each East Asian wild radish population formed a cluster in the tree except for one individual of HJ7 and HJ8 and two individuals of HJ4. For the Kazakhstan populations, individuals of the cultivated population and those of the natural pop- ulation were mixed up in the NJ tree.
Discussion
Genetic diversity of wild radish populations One advantage of AFLP-based DNA fingerprinting is its potential in revealing large genetic polymorphisms with nearly complete coverage of the whole genome (Aggarwal et al. 1999) . AFLP disclosed a large number of polymorphic DNA fragments in this study. In total, 315 bands were detected. Among them, 72.8 % of the AFLP markers were polymorphic (Table 2 ). This value was approximately 10 % higher than that obtained by using 27 isozyme loci on almost the same material (Huh and Ohnishi 2001 ). The polymorphism level was highest in the East Asian wild radish populations and the lowest in the cultivated Alma-Ata population of R. sativus var. hortensis (Table 2 ). However, it should be noted that the percentage of polymorphic bands was not a good index of genetic variation, because it depended on the number of samples studied and the area covered by the samples.
The level of allozyme variation in East Asian wild radish was found to be high compared with that of other insectpollinated outcrossing annual species (Huh and Ohnishi 2001; see Hamrick and Godt 1989 for comparison) . Huh and Ohnishi (2001) considered that the combination of an insectpollinated outcrossing breeding system, large population sizes, gene flow from cultivated radish populations and a propensity for high fecundity (usually more than 300 seeds/ individual; see Karola and Jensen 2000 for the correlation between fecundity and genetic variability) could explain the high level of allozyme diversity found within natural populations of East Asian wild radish. We have no reason to consider that different mechanisms could have been involved in the maintenance of AFLP variation.
For the comparison of AFLP diversity, such indices as H O (Shannon's information index) (Paul et al. 1997) , H EP (Russell et al. 1997 ) and π (Innan et al. 1999 ) have been used. East Asian wild radish populations displayed more AFLP variability than soybean (Maugham et al. 1996) and lens (Sharma et al. 1996) compared with H EP , and more than tea (Paul et al. 1997) and Perilla crops (Lee and Ohnishi 2001) compared with H O . However, a comparison of AFLP diversity between different studies based on a diversity index is often meaningless, because AFLP markers are highly dependent on the primer combinations used. Hence comparisons of the level of AFLP diversity of populations between different species and between different studies are premature at present.
When two geographically distinct wild radish species, East Asian wild radish (R. sativus var. hortensis f. raphanistroides) and wild R. sativus in California, USA, were compared, R. sativus from California displayed significantly more allozyme variation (compared to the data of Ellstrand and Marshall 1985 and Huh and Ohnishi 2001) . It should be noted that the wild species R. raphanistrum contributed to the establishment of weedy Californian populations of R. sativus as suggested by Panetsos and Baker (1967) . In the present study, the values of the diversity parameters H O , H EP of R. raphanistrum were higher than those of East Asian wild radish (Tables 3, 5) , although only one population of R. raphanistrum was investigated. Lewis-Jones et al. (1982) also reported a higher average heterozygosity of allozymes in R. raphanistrum than in R. sativus. A higher genetic variation of R. raphanistrum probably contributed to a higher genetic variation of the Californian natural populations of R. sativus.
Local differentiation of East Asian wild radish
In the present study, AFLP variation among populations was only 3.2 %, while 96.7 % within populations for East Asian wild radish (Table 5) . Nei (1973) 's G ST based on allozyme variation was 0.170 and 0.086 for the Japanese and Korean populations, respectively (Huh and Ohnishi 2001) (cf. average value of 0.20 for the G ST of allozymes in insectpollinated outcrossers reported by Hamrick and Godt 1989) . Wild radish populations in East Asia are less differentiated than the other insect-pollinated outcrossing species. Gene flow between wild radish populations caused by long distance seed dispersal, associated wtih sea currents and human activity, as well as short distance pollen and seed dispersal may be responsible for the lower local differentiation (see the arguments in Huh and Ohnishi 2001) . The estimated gene flow in wild radish based on the partition of H SP was very high, Nm = 12.9, where N is the population size and m is the migration rate, as observed in the previous allozyme study Nm = 1.94 (Huh and Ohnishi 2001) , which is sufficient to rule out local differentiation of neutral alleles by random drift (Kimura and Maruyama 1971) .
In the NJ tree based on allozyme variation (Huh and Ohnishi 2001) , the position of the populations in the NJ tree and their geographical position matched those of the Korean populations, whereas a few populations from Japan were located at unexpected positions of the tree. In the AFLP-based NJ tree, there was no appreciable discrepancy between the geographical locations of the Japanese populations and their positions in the tree (Figs. 1 and 2) . However, distantly located Japanese populations were not always distantly related in the NJ tree. A pair of populations, HJ3 and HJ4, is such an example, and may be interpreted as having occurred due to a relatively recent long distance migration either by sea current or by human activity.
It is relevant to stress that in the NJ tree based on AFLP markers, five individuals of each population formed a cluster for the population, except for several individuals of HJ4, HJ7 and HJ8. Therefore, the NJ tree also reflected the genetic relationships among populations. The cultivated and natural populations of Alma-Ata were also exceptional in this regard. We assume that the natural population of Alma-Ata probably contained escaped forms of the cultivated population or descendants of hybrids between natural and cultivated populations. The present AFLP analyses imply that although East Asian wild radish populations displayed a large amount of AFLP variation within populations and were less locally differentiated, AFLP markers were more effective than allozyme markers (cf. Huh and Ohnishi 2001) in classifying the natural populations of East Asian wild radish.
Genetic relationships between R. raphanistrum and R. sativus R. raphanistrum was unexpectedly found to be closely related to cultivated and natural populations of R. sativus var. hortensis in Kazakhstan and East Asia, as shown in Fig. 2 and Table 6 . The same fact was revealed based on allozyme analyses by Lewis-Jones et al. (1982) . However, RAPD studies conducted by Yamagishi et al. (1998) led to a slightly different conclusion; R. raphanistrum was not closely related to cultivated radish and the East Asian wild radish Table 1 for the code number.
(the estimated similarity ratio being 0.318-0.404). R. raphanistrum has yellow flowers, and has been distinguished from R. sativus by the morphology of the silique and the number of ovules in the ovary (Kitamura 1958) ; hence they were classified into two distinct species. However, they are crossable with each other (Kobave 1959, Penetsos and Baker 1967) and genetically very closely related, as indicated by Lewis-Jones et al. (1982) and in the present study. It is noteworthy that the Kazakhstan populations of R. sativus var. hortensis were more closely related to R. raphanistrum than the East Asian R. sativus var. hortensis. This may be reasonable if we consider that R. raphanistrum was involved in the evolution of R. sativus that probably took place somewhere from the eastern Mediterranean area to the Caspian area or in a more eastern area (Banga 1976) . Since R. raphanistrum is widely distributed in Europe, our assumption should be confirmed by examining a larger number of natural populations of R. raphanistrum and of cultivated populations of radish. The large genetic variation in the East Asian wild rad- Table 1 for the code number of populations.
ish, as revealed in the present study, has contributed to the diversification of landraces of Chinese radish in Japan, not only through male sterile cytoplasm (Yamagishi and Terachi 1996 , Nakagawa et al. 1998 , see also Yamagishi 2001 , but also by providing agronomically important characters such as fragrance of roots and bolting resistance to landraces (Kumazawa 1961 , Aoba 1993 . These variations of the East Asian wild radish may contribute to the provision of valuable genetic resources for future breeding of cultivated radish.
